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ABSTRACT

Author: Cai, Chao. PhD
Institution: Purdue University
Degree Received: May 2018
Title: Understanding the Molecular Mechanism of Arsenic Tolerance and Accumulation
in P. vittata.
Committee Chair: Jo Ann Banks
Arsenic is a toxic metalloid that is naturally occurring and widely distributed. The
consumption of arsenic-contaminated food and water is threatening the health of millions
of people in the world. The fern Pteris vittata is unusual in its ability to tolerate and
hyperaccumulate exceptionally high concentrations of arsenic in its fronds. How P. vittata
tolerates and accumulates arsenic is fundamentally different from that in angiosperms;
however, the molecular mechanism underlying this trait in P. vittata is not well-defined.
Because the haploid phase of the fern (the gametophyte) is morphologically simple, easy
to grow and also tolerates and hyperaccumulates arsenic, the research described here
focuses on the P. vittata gametophyte as a system for study. Combining differential gene
expression (DEG) analysis using RNA-seq and knocking down gene expression by RNA
interference, three genes (PvGAPC1, PvOCT4 and PvGSTF1) were identified that are
necessary for arsenic tolerance in P. vittata gametophytes. Subcellular localization of the
proteins encoded by these genes using live-cell imaging and biochemical enzyme kinetic
analysis showed that the proteins encoded by all three genes localized in speckled patterns
within the cell, and may be involved in sequestering arsenate as it moves from the
cytoplasm into the vacuole, where arsenic is sequestered. cDNA libraries generated from
P. vittata sporophytes were also sequenced and used to generate a comprehensive, high
quality transcriptome of genes expressed in both gametophytes and sporophytes. By

xiii
identifying genes that are expressed only in either the gametophyte or sporophyte
generation, lignin biosynthesis and stomata differentiation genes that are only expressed in
the sporophyte generation were discovered. This discovery may explain the lack of
lignified cell types and stomata in the gametophyte. New phosphate transporter genes were
also discovered, demonstrating that the transcriptome generated from this studyis an
excellent resource for the identification of new genes potentially involved in arsenic
tolerance and accumulation in P. vittata. Lastly, 3,292 genes that were differentially
expressed (DEGs) in shoots or roots from P. vittata sporophytes treated with arsenic were
identified from the transcriptome. Gene ontology analysis of these DEGs revealed clusters
of genes that are involved in response to phosphate deficiency and transporter genes that
are potentially important for arsenic trafficking in the roots and shoots of P. vittata
sporophytes.
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LITERATURE REVIEW

1.1

Arsenic chemistry, toxicity and contamination

Arsenic is a Group 15 (IUPAC) element that is chemically similar to phosphorus. Although
arsenic is not abundant (0.0001% of the Earth’s crust), it is ubiquitous, existing in igneous
and sedimentary rocks and sulfide-bearing minerals (Nordstrom, 2002). Arsenic has four
common oxidation states, -3, 0, +3, and +5, with the most common forms of arsenic in
nature existing as inorganic arsenite (AsIII) and arsenate (AsV). AsV is the most common
arsenic species in aerobic soils, whereas AsIII is the primary arsenic species in anaerobic
aqueous environments. Both AsIII and AsV are highly toxic to animals and plants. Acute
arsenic poisoning (1~5 mg/kg) is lethal to humans while chronic exposure to lower
amounts of arsenic can cause a series of health issues from hyperpigmentation of skin to
skin, bladder, and lung cancer, diabetes and cardiovascular diseases (Abdul et al., 2015).
Arsenic is also highly toxic to plants. Plants grown on arsenic contaminated soils exhibit
significant inhibition of root and shoot growth and infertility (reviewed in (Meharg and
Hartley-Whitaker, 2002b).

Human activity contributes to arsenic contamination of soils and water. Because arsenic
is naturally associated with lead, zinc, copper and gold ores, mining and smelting processes
release approximately 50,000 tons of As2O3 per year (Smith et al., 1998). Another human
activity that has contributed to arsenic contamination is the use of chromated copper
arsenate (CCA) as a wood preservative in the timber industry before 2003 (Group, 2012).
The heavily used CCA can cause arsenic contamination of the soils at the wood preserving
site and contamination of the air by burning CCA-treated wood. Despite massive arsenic
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production by industries, agricultural inputs of arsenic are actually the major source for
arsenic contamination in soils. Prior to the 1950s, inorganic arsenical compounds were
extensively used as pesticides or herbicides in agriculture, resulting in significant deposits
of arsenic in farmlands (Smith et al., 1998). In areas that have arsenic-rich groundwater,
such as Bangladesh, India, southern China, and western United States, irrigation of
farmland with groundwater causes the accumulation of arsenic in soils, and subsequently
in plants grown in the area (Roychowdhury et al., 2005; Roberts et al., 2007).

1.2

Arsenic resistance in bacteria and yeast

Due to their unicellular nature and small genomes, the mechanisms of arsenic resistance in
bacteria and yeast have been extensively studied and provide important information in
understanding arsenic resistance in multicellular organisms. In Escherichia coli, arsenic
resistance is conferred through the ars operon. The genomic arsRBC operon in E. coli
contains three genes: arsR, a metallo-regulatory repressor of the ars operon; arsB, an AsIII
transporter that pumps AsIII outside of cells; arsC, a glutathione (GSH)/glutaredoxin
(Grx)-dependent arsenate reductase that reduces AsV to AsIII. The arsenic detoxification
mechanism in E. coli is simply to reduce AsV to AsIII by arsC; AsIII is then exported from
the cell by arsB (Rosen, 2002). The E. coli plasmid R733 also possess a similar arsRDABC
operon that contains two additional genes: arsA, which encodes an ATPase that binds to
arsB to pump AsIII out of the cell through active transport; and arsD, which encodes a
chaperone protein of arsA that facilitates the binding of AsIII (Rouch et al., 1995).
Different bacterial species may contain different combinations of genes in their ars operons.
A recent search for genes that complement E. coli ΔarsC mutant showed that
overexpression of a glutathione S-transferase B (GstB) rescued the arsenic sensitivity of
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ΔarsC, suggesting that GstB may be an arsenate reductase (Chrysostomou et al., 2015).
Moreover, additional genes in the ars operon haven been discovered in some bacterial
strains.

The

tandem

presence

of

a

GLYCERALDEHYDE-3-PHOSPHATE

DEHYDROGENASE (GAPDH) and a arsJ, which encodes a Major Facilitator Superfamily
(MFS) transporter in ars operons from multiple bacterial strains has revealed a new
arsenate resistance mechanism in bacteria that is an alternative to the arsRBC system. The
Pseudomonas aeruginosa GAPDH converts AsV to 1-arseno-3-phosphoglycerate
(1As3PG), and arsJ exports 1As3PG from cells (Chen et al., 2016).

The budding yeast, Saccharomyces cerevisiae, uses an arsenic resistance system similar to
that of the bacterial arsRBC operon. The S. cerevisiae genome contains a cluster of three
genes: ACR1 encodes a transcription factor, ACR2 encodes an arsenate reductase that
belongs to a family of tyrosine phosphatases, and ACR3 encodes a plasma membrane
localized bile/arsenite/riboflavin transporter (BART) family transporter. Similar to the
arsenic resistant mechanism in bacteria, ScACR1 senses the presence of AsV and promotes
the expression of ScACR2 that reduces AsV into AsIII. ScACR3 then pumps AsIII outside
of cells (Bobrowicz et al., 1997). However, in addition to pumping AsIII out of the cell
via ACR3, S. cerevisiae can also reduce the toxicity of AsIII by conjugating free AsIII to
3 molecules of GSH. In this case, instead of removing AsIII from the cell, S. cerevisiae
sequesters the conjugated AsIII in the vacuole using the ATP-binding cassette (ABC)
family transporter, YCF1 (Li et al., 1996; Li et al., 1997).
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1.3

Arsenic resistance in angiosperms

The existence of different cell, tissue, and organ types adds much more complexity to
arsenic resistance mechanisms in angiosperms. In addition to cellular level resistance,
angiosperms also need to deal with the intercellular transport and root-to-shoot
translocation of arsenic. Generally, AsV enters the cells of the roots by competing for entry
with inorganic phosphate (Pi), as evidence has shown that increasing the Pi content in the
soil inhibits AsV uptake (Zhao et al., 2009). AsV enters the root through high-affinity
phosphate transporters (PHTs). In Arabidopsis, null mutants of AtPHT1;1, AtPHT1;4, or
a PHOSPHATE TRANSPORTER TRAFFIC FACILITATOR1 (PHF1), which is essential
for the plasma membrane localization of PHTs, exhibit enhanced AsV tolerance (Shin et
al., 2004). In a pht1;1-3 mutant, where Pi uptake is compromised, the rate of arsenic uptake
is lowered (Catarecha et al., 2007). Many plants, including Arabidopsis and Holcus lanatus
(an arsenic resistant grass), repress the expression of the PHTs to limit the uptake of arsenic
as an arsenate resistance mechanism (Meharg and Macnair, 1992). Plant aquaporins have
been shown to be responsible for AsIII uptake in roots. The Arabidopsis nodulin 26-like
intrinsic protein (NIP) family of aquaporins are permeable to AsIII. Furthermore, loss-offunction mutants of AtNIP1;1, AtNIP3;1 and AtNIP7;1 significantly impair AsIII uptake
in roots, resulting in increased AsIII tolerance in Arabidopsis (Kamiya et al., 2009; Xu et
al., 2015; Lindsay and Maathuis, 2016).

Once AsV enters the cells of roots, AsV is rapidly reduced to AsIII. In Arabidopsis, >63%
of the arsenic is AsIII in roots that have been grown in a AsV solution for only 30 min
(Meharg and Hartley-Whitaker, 2002a). Even though the reduction of AsV to AsIII can
occur spontaneously in the presence of GSH, AsV reduction in plant roots is facilitated by
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arsenate reductases. The Arabidopsis AtACR2 protein is a homolog of the S. cerevisiae
ScACR2 phosphatase. Unlike ScACR2, which lacks phosphatase activity, AtACR2 has
both phosphatase and arsenate reductase activity (Dhankher et al., 2006; Ellis et al., 2006).
Knocking-down the expression of the AtACR2 gene in Arabidopsis using RNA interference
(RNAi) increases the plant’s sensitivity to AsV, indicating that AtACR2 is necessary for
arsenic resistance in Arabidopsis potentially by reducing AsV to AsIII (Dhankher et al.,
2006; Liu et al., 2012). However, neither knocking-out nor overexpression of AtACR2
affects the arsenic redox status in Arabidopsis. Similar to the AtACR2 RNAi plants, the
null mutants acr2-1 and acr2-2 both exhibit hypersensitivity to AsV compared to the wild
type, but show no significant increase in unreduced AsV in their tissues, suggesting that
AtACR2 plays no detectable role in arsenic metabolism and may not be the sole arsenate
reductase in Arabidopsis (Liu et al., 2012). Recently, a new arsenate reductase, High
Arsenic Content 1 (HAC1) was identified in Arabidopsis using a genome-wide association
study (GWAS). Loss of HAC1 in Arabidopsis causes an increase of AsV in roots and
sensitivity to arsenic, suggesting that AtHAC1 may be the major arsenate reductase in
Arabidopsis (Chao et al., 2014).

Inorganic AsIII is more toxic than AsV. In plants, AsIII is immediately conjugated to PCs,
which is similar to what occurs in S. cerevisiae. Exposure to arsenic induces a large
increase in the synthesis and accumulation of PCs in plants.

Transgenic lines

overexpressing AtPCS1, the PC synthase, have to enhanced arsenic tolerance (Li et al.,
2004). Moreover, the Arabidopsis mutant cad1-3, which is a loss-of-function mutant of
the PC synthase, is 10 to 20 fold more sensitive to arsenic than the wild type (Liu et al.,
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2010). Holcus lanatus also has constitutively high levels of PCs, which may contribute to
arsenic tolerance in this species (Hartley-Whitaker et al., 2001). Once AsIII is conjugated
to PCs, it is sequestered into the vacuole through ABC transporters. In Arabidopsis,
mutants lacking both AtABCC1 and AtABCC2 are more sensitive to arsenic. Vacuoles
isolated from atabcc1/atabcc2 double mutants exhibit very low transport activity of PCAsIII complexes (Song et al., 2010). This detoxification mechanism, which sequesters PCconjugated arsenic in the vacuoles of root cells, restricts the toxic arsenic to the root (Fig
1.1A). By keeping arsenic from entering the shoot, where photosynthesis and reproduction
occur, this mechanism keeps arsenic away from important biological processes (Zhao et
al., 2009; Finnegan and Chen, 2012). Interfering with the redox states of arsenic, arsenate
reduction, PC-conjugation (by inhibiting PC production), or vacuolar sequestration (by
knocking out transporters) results in an accumulation of arsenic in the shoot (Dhankher et
al., 2006; Liu et al., 2010; Song et al., 2010; Chao et al., 2014; Wang et al., 2017).

Although roots usually retain ~97% of accumulated arsenic, a small amount of arsenic can
be loaded into the xylem and translocated to the shoot (Finnegan and Chen, 2012). The
xylem loading of arsenite has been well studied in rice. Compared to other angiosperms,
rice has an exceptional ability to transport arsenic from roots to shoots, and accumulates a
significant amount of AsIII in grains (Rahman et al., 2007). Arsenic in grain is the second
most common source of arsenic exposure in humans, especially in populations that rely on
rice as a staple food (Meharg, 2004). Grown on paddy soils where AsIII is the predominant
species of arsenic, rice can readily take up AsIII from its environment. Two silicon
transporters are responsible for AsIII transport in rice. Lsi1, a NIP aquaporin that is
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localized to the distal side of endodermal and exodermal cells in the plasma membrane (Ma
et al., 2006), is responsible for the entry of AsIII into cells. Lsi2, an ArsB-like transporter
that is localized on the proximal side of the same endodermal and exodermal cells (Ma et
al., 2007), is responsible for the efflux of AsIII outside of cells and potentially into the
xylem. Both Lsi1 and Lsi2 have arsenite transport activity in Xenopus oocytes and in yeast
cells (Ma et al., 2007). The mutants lsi1 and lsi2 display a great reduction in the amount
of arsenite accumulated in above ground tissues as well as in rice grains (Ma et al., 2008).

Recently, a pair of inositol transporters, AtINT2 and AtINT4, were identified as key
transporters of arsenic into Arabidopsis seeds (Duan et al., 2016). These transporters are
localized on the plasma membrane of companion cells in the phloem, and are responsible
for the delivery of mesophyll-derived inositol to the reproductive tissues. Heterologous
expression of AtINT2 and AtINT4 in S. cerevisiae and Xenopus laevis oocytes demonstrated
that these transporters cause accumulation of arsenite in these cells. Disruption of either
AtINT2 or AtINT4 led to a reduction of arsenite concentrations in seeds of plants grown on
arsenite, indicating that these inositol transporters are responsible for arsenic accumulation
in seeds (Duan et al., 2016)

1.4

Arsenic hyperaccumulators

In 2001, Ma et al. discovered that Pteris vittata (Pteridaceae), a homosporous fern, has the
ability to tolerate and accumulate high concentrations of arsenic (Fig 1.2A). P. vittata can
grow normally on soils containing 1,500 ppm arsenic, which is lethal to angiosperms,
including species resistant to arsenic (Meharg and Macnair, 1991). Unlike angiosperms,
which restricts most arsenic to roots, P. vittata sequesters > 90% of the arsenic in its fronds
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(Ma et al, 2001). Following the discovery of P. vittata, an additional 11 fern species within
the Pteridaceae have been shown to tolerate and accumulate high concentrations of arsenic
(Wang and Ma, 2015). Although the amount of arsenic that can be sequestered in these
plants varies, a fundamental property of this group of plants is their ability to transport
arsenic from roots to shoots, and sequester the majority of arsenic in above-ground tissues.
For this reason, these plants are classified as arsenic hyperaccumulators. While eleven of
these species are members of the Pteris genus (the other species is Pityrogramma
calomelanos), not all species of Pteris are arsenic hyperaccumulators (Wang and Ma,
2015).

Being the first identified arsenic hyperaccumulator, P. vittata is the most wellcharacterized species. Also known as Chinese brake fern, P. vittata is native to subtropical
Asia and has invaded the southern states of the United States from South Carolina to
California. Because of its ability to extract arsenic from soils, P. vittata has been used to
develop a cost-effective approach to remediate arsenic-contaminated soils. Under
greenhouse conditions, growing P. vittata in soils containing arsenic at 98 mg/kg resulted
a removal of ~26% soil arsenic in 20 weeks (Tu et al., 2002). In a field study, 30% arsenic
was removed from soils where P. vittata was planted at a density of 0.09 m2 per fern for
two years (Kertulis-Tartar et al., 2006). The US Environmental Protection Agency (EPA)
has promoted the application of a commercialized arsenic phytoremediation method using
P. vittata as a phytoextractor on CCA contaminated soils (Salido et al., 2003).
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The physiology of arsenic uptake and hyperaccumulation in P. vittata has been well
characterized. A low Michaelis constant for AsV influx into roots (1.1~6.8 µM) indicates
that the efficiency of arsenic uptake is high in roots of P. vittata. Because AsV uptake can
be inhibited by increasing the concentration of Pi, the entry of AsV is assumed to occur
through a Pi transport system in P. vittata roots (Wang et al., 2002). Several studies have
shown that the roots of arsenate-grown P. vittata sporophytes contain only trace amounts
of arsenic, with over 60% of total arsenic in roots as AsV, whereas fronds accumulate the
majority of arsenic taken up by P. vittata as free AsIII (Wang et al., 2002; Kertulis et al.,
2005; Pickering et al., 2006; Su et al., 2008). However, the exact location of arsenic
reduction has yet to be resolved. Kertulis et al. (Kertulis et al., 2005) found that AsV was
the predominant species of arsenic in the xylem sap collected from arsenate-fed P. vittata.
Contrary to this finding, Su et al. (Su et al., 2008) found that exogenous AsV taken up by
P. vittata was rapidly reduced in the root, which resulted in over 90% arsenic species as
AsIII in the xylem sap. Direct observation of arsenic abundance and speciation in the
vascular tissue of intact hydrated P. vittata fronds with X-ray absorption spectroscopy
(XAS) imaging showed that AsV was the predominant species in the vascular tissue of
arsenate-grown P. vittata fronds, and that AsV and AsIII in the vascular tissue were
spatially separated, presumably in the xylem and phloem, respectively. Unlike the situation
in angiosperms, all studies demonstrated that only a small portion (<5%) of AsIII was
coordinated to thiol molecules in P. vittata (Lombi et al., 2002; Wang et al., 2002;
Pickering et al., 2006; Singh and Ma, 2006). Furthermore, XAS imaging showed that AsIII
thiolation exists only in a 40~50 mm cylindrical sheath immediately surrounding the
vascular tissue, which indicates that thiolate coordination may be involved in arsenic
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unloading from vascular tissues (Pickering et al., 2006). The XAS imaging also showed
that the reduction of AsV to AsIII occurs primarily in the root because almost all of the
arsenic in the vascular tissue is AsIII (Fig 1.1B) (Pickering et al., 2006).

1.5

The molecular mechanism of arsenic tolerance and accumulation in P. vittata

Although P. vittata is an exceptional arsenic hyperaccumulator, it is not an ideal system
for genetic or molecular biology studies, compared to other well-developed model plants,
like Arabidopsis and rice.

P. vittata has a slow growth rate with a life cycle of

approximately one year from spore to spore (Gumaelius et al., 2004). In addition, P. vittata
has a large genome containing 2N = 116 chromosomes (Brownlie, 1965) with ~4.8 Gbp
(Gumaelius et al., 2004), and there is currently no reference genome sequence for P. vittata.
So far, there is no conclusive evidence demonstrating that any gene is essential for arsenic
tolerance and accumulation in P. vittata sporophytes. However, researchers around the
world have cloned and functionally characterized candidate genes that are potentially
important for arsenic tolerance and accumulation from P. vittata in order to understand the
molecular mechanisms underlying this trait.

Several P. vittata genes have been cloned by screening a P. vittata cDNA library for genes
that complement arsenic-sensitive mutants of E. coli or S. cerevisiae. Using this approach,
a TONOPLAST INTRINSIC PROTEIN (TIP) aquaporin, PvTIP4;1, was characterized as a
potential transporter of arsenite (He et al., 2016a). A GLUTAREDOXIN (PvGRX5), which
encodes a glutathione-dependent oxidoreductase possibly involved in oxidative stress, was
cloned by conferring arsenic resistance in E. coli (Sundaram et al., 2007). Heterologous
expression of PvGRX5 in Arabidopsis increases arsenic tolerance of plants and reduces
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arsenic accumulation in leaves (Sundaram et al., 2009a). Additional genes from P. vittata
were cloned using degenerate primers from conserved regions of genes or gene families.
Three high-efficient phosphate transporters, PvPht1;1, PvPht1;2 and PvPht1;3, were
cloned by PCR using cDNA generated from P. vittata sporophytes. Functional analysis of
these transporters in yeast showed that PvPht1;3 had much higher affinity to AsV than
PvPht1;1 and PvPht1;2. Expression of PvPht1;3 in yeast also increased their sensitivity to
arsenate (DiTusa et al., 2016). A PHYTOCHELATIN SYNTHASE gene, PvPCS1, was also
cloned from P. vittata using PCR and degenerate primers. Although not implicated in the
arsenic resistance, the expression of PvPCS1 increased Cd tolerance in S. cerevisiae (Dong
et al., 2005).

As a homosporous fern, P. vittata produces numerous haploid spores, which geminate and
develop into free-living, autotrophic gametophytes (Fig 1.2B). Gametophytes are small in
size (< 5 mm in diameter) and simple, consisting of a single-layer of parenchyma cells and
rhizoids. Similar to the more complex sporophytes, P. vittata gametophytes tolerate and
accumulate high levels of arsenic (Gumaelius et al., 2004). XAS imaging shows that
arsenic in AsV-grown P. vittata gametophytes exists primarily as free AsIII in the vacuole,
while AsV is localized in a speckled pattern in cells. There is no indication of any thiol
conjugation of arsenic in P. vittata gametophytes (Pickering et al., 2006). Furthermore,
genes can be transiently expressed in P. vittata gametophytes using particle bombardment,
and reverse genetics is possible using an RNA interference (RNAi) approach established
for fern gametophytes (Rutherford et al., 2004; Indriolo et al., 2010). Two genes from P.
vittata gametophytes have been cloned by complementation of yeast mutants. PvACR2, a
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homolog of ScACR2 and AtACR2, was characterized biochemically as an arsenate-specific
reductase (Ellis et al., 2006). PvACR3, a homolog of ScACR3, was shown to be necessary
for arsenic tolerance in P. vittata gametophytes based upon the observation that
knockingdown the expression of PvACR3 inhibited the growth or gametophytes on media
supplemented with AsIII. The tonoplast localization of PvACR3 suggests that it may be
responsible for transporting AsIII into the vacuole (Fig 1.1C) (Indriolo et al., 2010).
Heterologous expression of PvACR3 in Arabidopsis increases the arsenic tolerance of
plants (Chen et al., 2013; Wang et al., 2017). Interestingly, homologs of PvACR3 do not
exist in angiosperms (Indriolo et al., 2010), which may limit their ability to
hyperaccumulate or tolerate high levels of arsenic.

1.6

Identifying new genes involved in arsenic tolerance in P. vittata

The identification of additional genes underlying arsenic tolerance and hyperaccumulation
in P. vittata is important for not only understanding this trait, but in the future development
of plants capable of remediating arsenic contaminated soils. The goal of the research
described in this dissertation has been to identify and characterize such genes. Chapter 2
describes the identification of genes differentially expressed in P. vittata gametophytes
treated with arsenic and the characterization of functions of three differentially expressed
genes, PvGAPC1, PvOCT4, and PvGSTF1. Chapter 3 describes the sequencing of cDNA
libraries from P. vittata sporophyte and the de novo assembly of a comprehensive P. vittata
transcriptome using reads from both gametophytes and sporophytes. Chapter 3 also
describes the use of the transcriptome to identify genes that are specifically expressed in
gametophytes and sporophytes, followed up by validation using genes underlying
biological processes that are specific to sporophytes. Chapter 4 describes the identification
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of genes differentially expressed in P. vittata shoots and roots treated with arsenic and their
hypothetical functions.
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Figure 1.1 Arsenic detoxification mechanisms in plants.
(A) angiosperms. (B) P. vittata sporophytes. (C) P. vittata gametophytes
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Figure 1.2 Diploid and haploid generations of P. vittata.
(A) sporophyte. (B) gametophyte.
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TRANSCRIPTOME PROFILING AND THE
IDENTIFICATION OF NEW GENES NECESSARY FOR
ARSENIC TOLERANCE AND ACCUMULATION IN PTERIS
VITTATA GAMETOPHYTES

2.1

Introduction

Arsenic is a naturally occurring toxic metalloid that contaminates soils and ground water
in many regions of the world (Nordstrom, 2002). Humans consume arsenic by drinking
arsenic-contaminated water or by eating crops grown on arsenic-contaminated soil or
irrigated with arsenic-contaminated water (recently reviewed in (Punshon et al., 2017)).
Because arsenic is a Class 1 carcinogen, understanding how plants uptake, transport, and
accumulate arsenic is key for designing strategies aimed at reducing arsenic levels in crops
and remediating arsenic-contaminated soils.

Pteris vittata is an extraordinary plant because it is able to transport and store high levels
of arsenic in its fronds without showing any sign of toxicity (Ma et al., 2001). P. vittata
can tolerate both major forms of environmental arsenic, arsenate (As(V)) and arsenite
(As(III)), and accumulate up to 3% of their dry weight as AsIII in their fronds. The
trafficking of arsenic has been extensively studied in P. vittata (reviewed in (Danh et al.,
2014a)). AsV in the soil is taken up by roots, loaded into the xylem, then transported to
the fronds and stored in the vacuoles as free AsIII (Lombi et al., 2002). The trafficking of
arsenic in P. vittata is fundamentally different from that in angiosperms, which sequester
arsenic in the form of phytochelatin-thiol-conjugated AsIII in their roots (Zhao et al., 2010).
While the molecular mechanism of arsenic tolerance and accumulation is far from clear,
several proteins involved in arsenic trafficking have been functionally well characterized
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in P. vittata. AsV, a phosphate analog, is transported into the root by a P. vittata phosphate
transporter (PvPht1;3) (DiTusa et al., 2016), whereas the aquaporin PvTIP4 facilitates
AsIII transport into the cell (He et al., 2016b). Once inside the cell, AsV is reduced to
AsIII by the P. vittata AsV reductase, PvACR2 (Ellis et al., 2006) and by the glutaredoxin
PvGRX5 (Sundaram et al., 2009b), and perhaps other reductases. The transport of AsIII
into the vacuole of P. vittata gametophytes is likely facilitated by the AsIII transporter,
PvACR3 (Indriolo et al., 2010). PvACR3 is the only gene that has been shown to be
necessary for arsenic tolerance in P. vittata gametophytes and also able to enhance arsenic
tolerance and accumulation when expressed in Arabidopsis thaliana (Ali et al., 2012;
Wang et al., 2017).

To identify other genes involved in arsenic tolerance and hyperaccumulation in P. vittata,
we have used the gametophyte as a system for study. A homosporous fern, the P. vittata
sporophyte produces haploid spores that germinate and develop quickly into tiny (<3mm)
free-living, autotrophic gametophytes. each consisting of single-layer of cells that can
tolerate and hyperaccumulate arsenic (Gumaelius et al., 2004). In addition to being
morphologically simple and easy to culture, an RNA interference (RNAi) method has been
developed to down-regulate the expression of specific genes in P. vittata gametophytes,
providing an essential tool for studying gene function (Indriolo et al., 2010). Here we use
RNA-seq to assemble a de novo transcriptome from gametophytes either treated or not
treated with AsV and identify genes that are differentially expressed by AsV. Of the
differentially expressed genes, three genes up-regulated by AsV were chosen for further
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characterization. Here we explore their functions in arsenic tolerance and accumulation in
P. vittata gametophytes

2.2
2.2.1

Results
The identification of differentially expressed genes by AsV treatment of P.
vittata gametophytes

Candidate genes that may be important for arsenic tolerance and accumulation in P. vittata
gametophytes were identified using RNA-seq followed by differential gene expression
analysis beginning with gametophyte samples treated with or without AsV for 24hr. Due
to the lack of P. vittata reference genome, a de novo transcriptome was assembled from
~300 million paired-end Illumina reads using the Trinity assembler, resulting in 190,495
genes (see Table 2.1 for assembly statistics). Differential gene expression analysis using
DESeq2 (adjusted p value < 0.05) identified only 19 differentially expressed genes (DEGs)
of which 13 could be annotated (listed in Table 2.2). To validate the DEG analysis, qPCR
was used to examine the expression of eight genes, four of which are up-regulated by AsV.
As shown in Figure 2.1A, the expression patterns assessed by qPCR were in agreement
with the RNA-seq DEG analysis.

All but one of the DEGS are up-regulated by AsV treatment; the one gene down-regulated
by arsenic shows no homology to any protein. One-third of the arsenic up-regulated genes
were annotated as transporters, in which PvACR3, an arsenic effluxer, was previously
shown to be up-regulated by arsenic in P. vittata gametophytes (Indriolo et al., 2010).
Angiosperm homologs of the PvABCC2 transporter are known to transport phytochelatin
(PC)-arsenic complexes into their vacuoles (Song et al., 2010; Song et al., 2014a; Song et
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al., 2014b). Angiosperm homologs of the remaining genes annotated as transporters upregulated by arsenic in gametophytes (PvOCT4, PvOPT5 and PvVHA-a3) have no known
association with arsenic metabolism or responses in angiosperms. Homologs of three other
genes up-regulated by AsV treatment are involved either in general stress responses
(PvGSTF1

and

PvUGT)

in

angiosperms

(Sappl

et

al.,

2009),

while

one

(GLYCERALDEHYDE 3-PHOSPHATE DEHYDROGENASE C1, or GAPC1) is well
known for its involvement in glycolysis in plants and animals (Seidler, 2013; Henry et al.,
2015).
2.2.2

Three DEGs from P. vittata gametophytes treated with arsenic are necessary
for arsenic tolerance

To determine whether the genes up-regulated by arsenic are essential for arsenic tolerance
in P. vittata gametophytes, three DEGs, i.e. PvGAPC1, PvOCT4 and PvGSTF1, with the
greatest fold change in response to AsV treatment from each of the three major categories
listed in Table 2.2 were chosen for further analysis. To test whether each is necessary for
arsenic tolerance, we knocked-down the expression of these genes in P. vittata
gametophytes using RNA interference (RNAi). A hairpin (hp) forming RNAi construct
that targets each of these three gene was transformed into P. vittata gametophytes together
with a DsRed fluorescent reporter plasmid using particle bombardment. The silencing
effect of each RNAi construct on gene expression in pooled DsRed positive gametophytes
grown on AsV was assessed using qRT-PCR. As shown in Figure 2.1B, the expression of
each targeted gene was down-regulated more than 5-fold compared to the AsV-grown wild
type control.

The growth rates of transformed gametophytes were determined by

calculating the average change in prothallus circumference after 7 and 10-days of growth
on AsV containing media. As shown in Figure 2.1C, the growth rates of gametophytes
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transformed with each of the hairpin constructs were significantly reduced when grown on
AsV, while their growth rates were unaffected in the absence AsV. After 20 d of growth
on AsV, only gametophytes transformed with the hairpin constructs showed a dramatic
decrease in size (Fig 2.1D). These results demonstrate that PvGAPC1, PvOCT4, and
PvGSTF1 are necessary for arsenic tolerance in P. vittata gametophytes.
2.2.3

Localization of PvGAPC1, PvOCT4, and PvGSTF1 in P. vittata gametophytes

To futher characterize PvGAPC1, PvGSTF1 and PvOCT4 (a predicted integral membrane
protein), each protein was localized by expressing GFP tagged proteins in P. vittata
gametophytes and imaging GFP with laser-scanning confocal microscopy. All three
proteins exhibited a similar speckled pattern in gametophyte cells (Figure 2.2), which are
likely to be membrane-bound vesicles. The lack of transmembrane domains in PvGAPC1
and PvGSTF1 suggests that they may be either peripheral membrane proteins that bind to
lipids or other integral membrane proteins, or reside in the vesicle.
2.2.4

PvGAPC1 has much higher affinity to AsV than to phosphate and is insensitive
to H2O2

An analog of inorganic phosphate, AsV can replace phosphate in the GAPDH catalyzing
reaction that converts glyceraldehyde 3-phosphate to 1-arseno-3-phosphoglycerate
(instead

of

1,3-diphosphoglycerate),

which

spontaneously

hydrolyzes

to

3-

phosphoglycerate and AsV, thus inhibiting ATP production during glycolysis. GAPDH
activity is also affected by AsIII-induced oxidative stress, where the active site of GAPDH
is inhibited by oxidation from elevated reactive oxygen species (ROS), especially H2O2.
The protein encoded by GAPC1, which is up-regulated by AsV, is unusual in that the amino
acid sequence at its active site is CTTNG compared to the CTTNC active sites of 1,881
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plant GAPDH proteins (Fig. 2.3). This raises the hypothesis that PvGAPC1 may have a
lower affinity to AsV and/or may be insensitive to H2O2. To test the hypothesis that
PvGAPC1 has an lower affinity to AsV, we examined the enzyme kinetics of purified,
recombinant E.coli-expressed PvGAPC1 using AsV or phosphate as substrates. The
Michaelis constant (Km) of phosphate for PvGAPC1 is similar to the Homo sapiens
GAPDH (hsGAPDH) control at millimolar concentrations. However, the Km of PvGAPC1
to AsV is ~1000-fold lower than to phosphate. This is in sharp contrast to hsGAPDH,
which has a similar Km to both AsV and phosphate (Fig. 2.4A, B, C and D). Moreover,
even though PvGAPC1 has a relatively lower velocity per unit of enzyme compared to
hsGAPDH (Fig 2.4E), it is over 100 times more efficient using AsV as a substrate (Fig
2.4F). These results contradict our hypothesis that PvGAPC1 has a lower affinity to AsV.
To test the hypothesis that the active site CTTNG of PvGAPC1 makes it less sensitive to
H2O2, the activities of purified recombinant wild-type (WT, active site CTTNG) PvGAPC1
and a mutant form (G175C, active site CTTNC) of PvGAPC1 in the presence of H2O2 were
compared. As shown in Figure 2.5, the kinetics of WT and G175C PvGAPC1 proteins
were not significantly different in their sensitivity to H2O2, demonstrating that the active
site CTTNG of PvGAPC1 does not affect its sensitivity to H2O2.

2.3

Discussion

In this study, we used RNA-seq to identify genes that are differentially expressed in
response to arsenic and potentially important in arsenic tolerance and accumulation in P.
vittata gametophytes. While the number of DEGs identified (19) contrasts with the much
larger number of DEGs identified using RNA-seq in Arabidopsis (Fu et al., 2014) and rice
(Norton et al., 2008) treated with arsenic, the angiosperm studies focused on the roots
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and/or shoots of the sporophyte plant, which are much larger and more complex than the
simple fern gametophyte. Among the P. vittata DEGs, nine fell into 3 major functional
categories: transport, phosphate response, and stress response and are all up-regulated by
AsV. Using reverse genetic, live-cell imaging, and biochemical approaches, we have
functionally characterized three DEGs showing significant gene expression changes in
response to AsV. Down-regulating the expression of PvGAPC1, PvOCT4, or PvGSTF1
by RNAi significantly inhibited the growth of P. vittata gametophyte in the presence of
arsenic, demonstrating that all three are necessary for arsenic tolerance in P. vittata
gametophytes.

Live-cell imaging of gametophytes expressing GFP-tagged proteins

showed that all three proteins localize in a speckled pattern, a pattern similar to the
localization of AsV in P. vittata gametophytes imaged with X-ray absorption spectroscopy
(Pickering et al., 2006). The enzyme kinetics analyses demonstrate that PvGAPC1 has an
extraordinarily higher affinity to AsV than phosphate, and is much more efficient using
AsV as its substrate. Based upon these results and the results of others, we have developed
a model (Fig. 2.4) that illustrates the potential molecular mechanism for arsenic tolerance
and accumulation in P. vittata gametophytes that is consistent with the available data.

In this hypothetical model, AsIII enters the cell through TONOPLAST INTRINSIC
PROTEIN aquaporin PvTIP4;1 (He et al., 2016b). AsV enters the cell through phosphate
transporters, specifically PHOSPHATE TRANSPORTER 1 (PvPht1;3), which has a high
affinity for AsV (DiTusa et al., 2016). Once inside the cell, AsV has two possible fates. It
may be reduced to AsIII in the cytoplasm by ACR2 (Ellis et al., 2006) and possibly other
AsV reductases and transported into the vacuole via PvACR3 (Indriolo et al., 2010).
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Alternatively, AsV may be converted to 1-arseno-3-phosphoglyerate (1As3PG) by
PvGAPC1, which we have shown to have a very low Km for AsV. Assuming that
PvGAPC1 is localized to vesicles (based upon the speckled localization of PvGAPC1GFP), 1As3PG is transported immediately into vesicles through the transporter, PvOCT4,
which also localizes to speckles. Once inside the vesicle, 1As3PG is hydrolyzed, releasing
AsV inside the vesicle, which is consistent with the localization of AsV in a speckled
pattern in P. vittata gametophytes (Pickering et al, 2006).

A recently discovered

component in the bacterial ars operon, ArsJ, encodes a Major Facilitator Superfamily
transporter that has also been implicated in the efflux of 1As3PG generated by GAPDH
(Chen et al., 2016). AsV is then reduced to AsIII, possibly by PvGSTF1, which also
localizes to speckles. In E. coli, overexpression of a GST protein (GstB) complemented
the AsV sensitivity phenotype of ΔarsC mutant, which lacks the AsV reductase, suggesting
that GstB may be an additional AsV reductase (Chrysostomou et al., 2015). Once
sequestered in vesicles, AsIII is transferred to the vacuole through membrane fusion
between the vesicle and tonoplast.

While highly speculative, this model proposes a novel mechanism for the sequestration of
arsenic in the cytoplasm before it reaches its final destination in the vacuole. It also
provides an important framework for many future studies, in particular characterizing the
speckles and co-localization of PvGAPC1, PvOCT4 and PvGSTF1.

24
2.4
2.4.1

Methods
Plants and growth conditions

P. vittata spores were sterilized and gametophytes grown as described in (Indriolo et al.,
2010). For RNA-Seq, 30d old gametophytes were grown before adding 10 mM potassium
AsV to one-half of the samples for 24hr. RNA was isolated from six independent pools of
gametophytes (three grown in the presence of AsV and three grown in the absence of AsV)
before harvesting.
2.4.2

Differential gene expression analysis

RNA isolation, cDNA library preparation and Illumina sequencing were as described in
Chapter 2. ~300 million reads were generated from 6 gametophyte samples (three treated
with AsV and three untreated). Transcriptomes were assembled using the Trinity de novo
assembler version R2012-06-08 (Grabherr et al., 2011) using default parameters with the
exception of a minimum contig length of 150bp and a k-mer size of 25. For DEG analysis,
only contigs with a length greater or equal to 500 bp were used, which reduced the number
of genes from 190,495 to 43,076.

Gene-level abundance of the transcriptome was

estimated using RSEM (Li et al., 2010; Li and Dewey, 2011) for each sample. Differential
gene expression analysis comparing gametophytes treated with and without AsV was
performed using DESeq2 (v1.10.1 (Love et al., 2014)) with an adjusted P value cutoff of
< 0.05. Fold change values were calculated based on the DESeq2 normalized counts. The
transcriptome was annotated by searching the non-redundant (NR) database from NCBI
using BLASTX with a E value cutoff at 10-3. PvGAPC1, PvOCT4 and PvGSTF1 were
annotated based on neighbor joining phylogenetic trees (Fig 2.7, 2,8, 2,9) generated using
MEGA7 (Kumar et al., 2016a).
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2.4.3

qPCR validation of the DEG analysis

Six cultures of P. vittata gametophytes were grown aseptically for 30 days; 10mM
potassium AsV was add to three of them. After 24h, gametophytes were harvested. RNA
was isolated using the RNeasy kit (Qiagen), DNase treated and RNA reverse transcribed
into single-stranded cDNA using the Tetro cDNA Synthesis Kit (Bioline, MA). Real-time
RT-PCR (qPCR) was performed using the StepOne Plus Real-Time PCR System (Applied
Biosystems, NY) and Quickstart with default parameters. Approximately 3ng cDNA was
used as template in 20 μl reactions with SYBR green PCR Master Mix (Applied
Biosystems, NY). Three technical replicates were performed for each gene and sample.
Melt curves were performed and only those reactions producing a single Tm peak were
used. PCR conditions were: 2 minutes of pre- denaturation at 95°C, 40 cycles of 3 seconds
at 95°C and 30 seconds at 60°C followed by generation of melt curves (15 seconds at 95°C,
60 seconds at 60°C, and 15 seconds at 95°C). Relative expression was determined using
the ΔΔCt method (log2FC = −ΔΔCt) (Livak and Schmittgen, 2001) and by normalizing to
P. vittata histone3.2 (GenBank accession number FJ751630.1). The primers used for all
qPCR reactions are listed in Table 2.3 and 2.4.
2.4.4

RNAi constructs and transformation of P. vittata gametophytes

The RNAi constructs were designed according to (Rutherford et al., 2004) and (McAdam
et al., 2016). A gene-specific inverted repeat region of ~300 bp from each target gene was
amplified from a P. vittata gametophyte cDNA (see Table 2.4 for primer details). The
Ricinus communis catalase intron 1 was amplified from the 35S:irint plasmid described in
(Rutherford et al., 2004). Two inverted repeat fragments and the intron were ligated into
a linearized (with NruI and SphI) pFF19 vector using In-Fusion HD cloning Plus CE kit
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(Takara/Clontech) based according to manufacturer’s instructions. The transformation of
RNAi constructs was carried out by bombarding 7-day-old P. vittata gametophytes with a
PDS-1000/HE system (Bio-Rad) using 1.3 mM tungsten M-20 microcarriers. Particle
bombardment was performed with 1,100-psi rupture disks and a shooting distance of 3 cm.
For each RNAi experiment, gametophytes were bombarded with the 35S::DsRed plasmid
(pSATc1) (Tzfira et al., 2005) alone or DsRed plus RNAi constructs. One day after
bombardment, DsRed expression was examined using a Leica MZ FL III fluorescent
stereomicroscope.

Gametophytes expressing DsRed were considered positively

transformed and transferred to solid fern media plates containing 0 or 1 mM potassium
arsenate. Microscopic images of gametophytes were taken 7 or 10 days after transfer, and
circumferences of gametophytes were measured using ImageJ (v1.51n). The growth rate
of each gametophyte was calculated as the difference of the circumference between 7 and
10 days divided by 3 days. All growth rates were normalized as a percentage of the mean
value of the growth rate of gametophytes bombarded only with DsRed that grew on media
containing no AsV. Statistical inferences were built using ANOVA with the post-hoc
Tukey HSD test in R (v 3.4.0).
2.4.5

Subcellular localization

The full-length coding sequences of PvGAPC1, PvOCT4, and PvGSTF1 were amplified
from cDNA, cloned into a pCR8 vector (Invitrogen), then subcloned into the destination
vector pMDC83 (Curtis and Grossniklaus, 2003) using LR reactions (Invitrogen) such that
a GFP tag was added in frame to the C-terminal end of each protein. All sequences were
confirmed by Sanger sequencing. Seven-day-old P. vittata gametophytes were bombarded
with each expression construct; one day later, transformed gametophytes were placed on a
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microscope slide and viewed using a Zeiss LSM 710 laser-scanning confocal microscope
equipped with a C-Apochromatic 40x/1.4 water immersion objective. Excitation of GFP
was generated using a 488-nm laser from a 25-mW argon laser source, and emission
detected at 492–533 nm. Z-stacks were collected at a step size of 1 µm. Image brightness
and contract was adjusted linearly, and image projections were generated using maximum
intensity method in ImageJ (v1.51n).
2.4.6

Prokaryotic expression and purification of recombinant PvGAPC1

The wild-type full-length PvGAPC1 was amplified from cDNA and ligated into pET32a(+)
vector (Novagen) with BamHI (5’ of the PCR product) and XhoI (3’ of the PCR product).
The construct was confirmed by Sanger sequencing and transformed into the expression
strain, Rosetta™ 2(DE3) pLysS (Novagen). The mutant form, G175C, was generated using
site-directed mutagenesis with a pair of complementary primers (Table 2.4). For protein
expression, E. coli strains containing the expression constructs were cultured in 500 mL
LB liquid media in a 2 L flask in 37 °C at 250 rpm. After 3 hours of growth, protein
expression was induced by adding IPTG to a final concentration of 0.8 mM, and the culture
grown in 16C for another 24 hours. Cells were harvested, lysed in ice cold Lysis Buffer
(300 mM NaCl, 50 mM NaH2PO4, 10 mM imidazole, pH 8) by sonication (3 times,
duration for 10 min with duty cycle at 30% and power at 5; 10 min cool down on ice
between each sonication) using a Sonifier-450 (Branson Ultrasonics). To purify the
recombinant protein, the total protein solution was passed through a chromatography
column filled with HisPur Ni-NTA resin (ThermoFisher). Non-specific protein binding to
the column was removed by sequential washing using Washing Buffer (300 mM NaCl, 50
mM NaH2PO4, 20 mM imidazole, pH 8) and Washing Buffer 2 (300 mM NaCl, 50 mM
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NaH2PO4, 40 mM imidazole, pH 8). Recombinant protein was eluted with Elution Buffer
(300 mM NaCl, 50 mM NaH2PO4, 300 mM imidazole, pH 8). Imidazole and salts in the
purified protein were removed using a PD-10 SephadexTM G-25 M desalting column (GE).
Denaturing polyacrylamide gel electrophoresis (SDS-PAGE) and subsequent staining of
proteins confirmed that only a single protein of the appropriate size was purified. The Histag, Trx-tag and S-tag in the recombinant protein were removed using the rEK (Genscript).
The enterokinase and cleaved tags were removed using a His-Bind resin (Novagen)
charged with 100 mM NiCl2. The PD-10 column was used to exchange the buffer for the
final protein into the GAPDH storage buffer (20 mM Tris-HCl, 2 mM EDTA, 1 mM DTT).
2.4.7

GAPDH activity assay

The GAPDH activity assay was modified from (Peralta et al., 2015). Reactions were set
up in 96-well cell culture plates. Each reaction contained 0.05 µM PvGAPC1 or 1.37 nM
(0.05 U/mL) human GAPDH (Sigma, G6019), 1.25 mM DL-glyceraldehyde-3-phosphate
(Ga-3-P), 2.5 mM NAD+, and various concentrations of either Na2HAsO4 or NaH2PO4 in
the GAPDH reaction buffer (100 mM Tris-HCl, 1.35 mM EDTA, pH 7.5). NADH
production was determined by measuring the absorbance at 340 nm with a microplate
reader (Biotek ELx808) operated by Gen5 (v1.11, Biotek). Each reaction using arseniate
or phosphate was performed in triplicate. The Michaelis-Menten constant (Km) was
calculated with hyperbolic regression using a least square method using Prism 7.0
(GraphPad). Only the linear phase of each reaction was used in calculating Km.
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Table 2.1 Assembly statistics of the P. vittata transcriptome

This work is performed by Dr. Qiong Wu
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Table 2.2 Differentially expressed genes in gametophytes by AsV treatment.
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Table 2.3 Primer used for qPCR validation of RNA-seq
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Table 2.4 Primers used for cloning and qPCR validation of RNAi
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Figure 2.1 qPCR validation and the effects of knocking down the expression of PvGAPC1,
PvOCT4, and PvGSTF1 in P. vittata gametophytes by RNAi.
(A) To validate the DEG analysis, the qPCR log2(fold change) values are compared to the
RNA-seq log2(fold change) values. (This experiment was performed by Dr. Nadia Atallah.)
(B) qPCR results examining the expression of PvGAPC1, PvOCT4, and PvGSTF1 in wild
type gametophytes and gametophytes transformed with RNAi constructs and growth on
media containing AsV. Values given are means ± SE (n = 3 biological replications). (C)
Growth rates of transformed gametophytes 7 to 10 d after transfer to media containing 0 or
1 mM potassium AsV. Values given are means ± SE (n > 30 gametophytes per genotype
for each treatment; one-way ANOVA with Tukey’s range test: P < 0.01). (D)
Representative examples of P. vittata gametophytes 15 d after transfer to media containing
0 or 1 mM potassium AsV.
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Figure 2.2 PvGAPC1, PvOCT4, and PvGSTF1 localize in a speckled pattern in
gametophyte cells.
Confocal

micrographs

of

P.

vittata

gametophyte

cells

transformed

with

CaMV35S::PvGAPC1-GFP, CaMV35S::PvOCT4-GFP and CaMV35S::PvGSTF1-GFP;
cells were transformed by particle bombardment.
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Figure 2.3 A sequence logo showing the conserved cysteine residues.
Cysteine residues of the active site of GAPDH from 1881 plant accessions and the
corresponding sequence of PvGAPC1 were labeled red. The start and end positions of the
sequence is labeled on top of the logo.
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Figure 2.4 Kinetics of PvGAPC1 and human GAPDH using AsV or Pi as substrates.
The comparison of enzyme kinetic parameters for PvGAPC1 and HsGAPDH (n=3). Kcat
(A), and Kcat/Km (B) were given as mean ± SEM (n = 3). H2O2 sensitivity assay and
GAPDH enzyme activity. (A) GAPDH activity was monitored in the presence of various
concentrations of H2O2. Percent GAPDH activity were normalized against the average
activity of wild-type (WT) PvGAPC1. Values given are mean ± SEM (n = 3). Enzyme
kinetics measured for G175C using either AsV or phosphate as substrates. Km (B), Kcat (C),
and Kcat/Km (D) were given as mean ± SEM (n = 3).
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Figure 2.5 H2O2 sensitivity of wild type and mutant G175C GAPDH enzyme activity.
GAPDH activity was measured in the presence of various concentrations of H2O2. Percent
GAPDH activity were normalized against the average activity of wild-type (WT)
PvGAPC1. Values given are mean ± SEM (n = 3).
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Figure 2.6 A model of the molecular mechanism of arsenic tolerance and accumulation in
P. vittata gametophytes.
AsV enters the cell through a phosphate transporter PvPht1;3. Low concentrations of AsV
can be sensed and converted into 1-As-3-PG by the membrane-localized PvGAPC1 and
then transported into a vesicle through an adjacent transporter, presumably PvOCT4. The
vesicle-sequestered AsV can be reduced by various AsV reductases, including the vesiclelocalized PvGSTF1, or potentially PvACR2 and PvHAC1. AsIII will be delivered into the
vacuole for storage through membrane fusion. AsIII in the cytoplasm, either from
spontaneous reduction of residual AsV or transported from outside the cell through an
aquaporin, PvTIP4, can be pumped into the vacuole by PvACR3 for storage.
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Figure 2.7 Phylogenetic tree of GAPDH showing PvGAPC1 is a homolog of plant
cytosolic GAPDH.
At: Arabidopsis thaliana; Atr: Amborella trichopoda; Os: Oryza sativa; Pa: Picea abies;
Pv: Pteris vittata; Pp: Physcomitrella patens; Sm: Selaginella moellendorffii.
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Figure 2.8 Phylogenetic tree of plant organic cation transporters showing PvOCT4 is a
homolog of plant OCT4.
At: Arabidopsis thaliana; Atr: Amborella trichopoda; Os: Oryza sativa; Pa: Picea abies;
Pv: Pteris vittata.
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Figure 2.9 Phylogenetic tree of GSTs showing PvGSTF1 is a homolog of plant class phi
GST.
At: Arabidopsis thaliana; Atr: Amborella trichopoda; Os: Oryza sativa; Pv: Pteris vittata;
Sm: Selaginella moellendorffii.
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A PTERIS VITTATA TRANSCRIPTOME AND ITS
USE IN IDENTIFYING GENES THAT DISTINGUISH THE
SIMPLE GAMETOPHYTE FROM THE COMPLEX
SPOROPHYTE

3.1

Introduction

Pteris vittata, a homosporous fern, has gained significant attention since Ma et al.
discovered that it is able to tolerate and accumulate very high concentrations of arsenic
(Ma et al., 2001).

Unlike any other known plant or animal species, its haploid

gametophytes and diploid sporophytes grow normally in 1500 ppm arsenic with up to 3%
of their dry weight as arsenite (Ma et al., 2001; Gumaelius et al., 2004). Arsenic is a
naturally occurring toxic metalloid that is commonly found at high levels in the ground
water and soils in many regions of the world (Mandal and Suzuki, 2002; Nordstrom, 2002).
If consumed in high enough quantities, arsenic can cause cancers and other diseases
(Martinez et al., 2011). Crops that accumulate arsenic, especially rice (Abedin et al., 2002;
Gulz et al., 2005; Ma et al., 2008), are an additional and recent concern to human health.
P. vittata is a unique model for understanding extreme arsenic tolerance and accumulation
and a rich genetic resource for identifying genes useful for the phytoremediation of arsenic
from arsenic contaminated soils.

Several studies have characterized arsenic tolerance and accumulation in P. vittata and its
close relatives (recently reviewed in (Danh et al., 2014b)), yet the molecular mechanisms
underlying this trait are poorly understood. Genes involved in arsenic tolerance and
hyperaccumulation in P. vittata have been cloned using two approaches. The first is by
complementation (with P. vittata cDNAs libraries) of yeast mutants that are defective in
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their ability to tolerate arsenic. This approach successfully identified the P. vittata ArsenicResistant 2 (PvACR2) gene, encoding an arsenate reductase (Ellis et al., 2006), and
Arsenic-Resistant 3 (PvACR3), encoding an arsenic membrane transporter (Indriolo et al.,
2010), and Tonoplast Intrinsic Protein (PvTIP4;1), encoding an aquaporin (He et al.,
2016a). The second approach has been to use PCR with degenerate primers to clone
candidate genes from P. vittata that are thought to function in arsenic metabolism in P.
vittata based on arsenic tolerance mechanisms in angiosperms. The P. vittata genes
identified using this approach include phosphate/arsenate transporters, PvPHTs (DiTusa et
al., 2016), and a phytochelatin synthase gene, PvPCS1 (Dong et al., 2005). While multiple
candidate genes have been cloned, only one gene thus far has been tested for function in P.
vittata by reverse genetics, PvACR3 (Indriolo et al., 2010).

In addition to its arsenic tolerance and hyperaccumulation properties, P. vittata has a life
cycle typical of all other ferns, where gametophytes develop independently of the
sporophyte (unlike angiosperms) and sporophytes eventually grow independently of the
gametophyte (unlike bryophytes). The large and complex diploid sporophyte produces
spores (the products of meiosis) within sporangia that, in P. vittata, line the margins of
fertile fronds. Fern gametophytes, which develop from spores, are very small (<5mm),
simple, haploid and differentiate specialized structures called antheridia and archegonia
where sperm and eggs develop, respectively.

The complete separation of the two

generations in P. vittata makes it possible to identify all of the genes that are expressed
only in the gametophyte and sporophyte generations without any possibility of cross
contamination.
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P. vittata has a very large genome (1N=58 chromosomes) (Brownlie, 1965) of
approximately 4.8 Gbp (Gumaelius et al., 2004). Because a whole genome sequence will
not be forthcoming in the near future, we have developed a P. vittata transcriptome that
was de novo assembled from ~1.1 billion Illumina RNAseq reads derived from
gametophyte and sporophyte tissues treated with or without arsenic.

Because the

transcriptome was derived from gametophyte and sporophyte tissues, we were able to
identify genes that are expressed only in the gametophyte or sporophyte generations. To
validate this analysis, we identified from the P. vittata transcriptome many genes
homologous to those known to be involved in lignin biosynthesis and in the differentiation
of stomata, chosen because lignin and stomata are unique to the land plant sporophyte.
Some, but not all, of the genes are sporophyte specific in their expression, leading to
interesting questions and testable hypotheses that address how the differences between the
two generations are regulated.

3.2
3.2.1

Results and Discussion
De novo transcriptome assembly, quality assessment and annotation

A comprehensive de novo transcriptome of P. vittata was assembled from ~1.1 billion 100bp paired-end filtered Illumina reads generated from P. vittata gametophytes (Fig. 3.1A)
and sporophyte fronds and roots (Fig. 3.1B). Because P. vittata is unusual in its ability to
hyperaccumulate arsenic, we also included gametophytes and sporophytes treated with
arsenic in order to capture transcripts that may only be expressed when arsenic is present.
The Trinity transcriptome assembly yielded 249,841 genes clustered from 512,819
transcripts (see Table 3.1 for assembly statistics). More than 97% of the Illumina reads
could be mapped back to the transcriptome (Figure 3.1C).

45

ExN50 plots were used to assess whether the assembled transcriptome captures all of the
genes expressed in the tissues sampled. As shown in Figure 3.1E, the ExN50 plots peaked
at ~90%, indicating that the total reads were sufficient to assemble a high-quality
transcriptome. To assess whether the number of reads are sufficient to generate full length
transcripts, we performed a BLASTx search using all transcripts against the Swiss-Prot
database. Transcripts were considered to be nearly full-length transcripts if their query
coverage was either 80% or 90%. As shown in Figure 3.1F, the number of full-length
transcripts increased as the number of reads increased and approached saturation (see Table
3.2 for reads subsampling). These data indicate that the depth of the sequencing is
sufficient to generate a high-quality transcriptome, which is consistent with the ExN50
plots. The transcriptome was also tested for completeness using BUSCO, which searches
the transcriptome for the presence of near-universal single-copy orthologs (Simão et al.,
2015). The P. vittata transcriptome contains near-complete information for 97.4% of the
single-copy orthologs from the eukaryota dataset in the OrthoDB, indicating that the
transcriptome is complete.

The transcriptome was annotated using the Trinotate pipeline and an E-value cutoff of 108

; ~26% of the genes (65,240, Table 3.1) could be annotated.

While other fern

transcriptomes have been de novo assembled (Der et al., 2011), the Lygodium japonicum
transcriptome (Aya et al., 2014) is the most comparable to the P. viitata transcriptome
described here. The L. japonicum transcriptome, derived from RNAseq data, contains
318,815 transcripts generated from > 800 million Illumina or 454 S-FLX reads from nine
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different tissue types. While the number of assembled L. japonicum transcripts is less than
the number of P. vittata transcripts (512,819), the proportion of the transcripts that could
be annotated in L. japonicum (~19%) is somewhat less than the proportion in P. vittata
(35-37% depending on the database used; see Table 3.1). Despite these differences, the
number of transcripts in both assemblies is very high. We found that 90% of the assembled
P. vittata transcripts were transcribed at levels lower than 1.75 transcripts per kilobase
million (TPM, Figure 3.1D), indicating that a majority of the transcriptome corresponds to
lowly expressed transcripts and/or that 90% of the transcripts are derived from fragmented
or artificially duplicated transcripts generated during the de novo assembly.
3.2.2

Gametophyte and sporophyte specific genes

As shown in Figure 3.1A and B, the gametophytes and sporophytes of P. vittata differ
greatly in size, morphology, structure, cellular and tissue complexity and function. Our P.
vittata transcriptome provides a unique opportunity to identify the genes that underlie these
differences.

In determining how many genes are uniquely expressed in the fern

gametophytes and sporophytes, we examined the abundance of genes expressed in either
P. vittata gametophytes or sporophytes. Genes having a normalized TPM less than 1 were
not considered expressed, which reduced the size of the transcriptome by 18.6% to 46,373
genes. Of these genes, 14.8% (6,896) were expressed only in P. vittata gametophytes and
31.2% (14,455) were expressed only in sporophytes. The remaining 54% (25,022) of the
genes are expressed in both gametophytes and sporophytes (Fig 3.2A). Among all of the
genes that are considered expressed, ~50% could be annotated by Araport11 database.
Considering just these genes, 4.6% are expressed only in gametophyte, 22.6% are
expressed only in sporophytes, and 72.8% are expressed in both tissues (Fig 3.2B). The
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percentages generated using the Araport database provide an estimate of the gametophyteand sporophyte-specific expressed genes that have been conserved since before the
divergence of ferns and seed plants.
3.2.3

A complete lignin biosynthesis pathway is absent in the gametophyte

An apomorphy of vascular plants (lycophyte, ferns, and seed plants) is vascular tissue
(xylem and phloem), which facilitates the internal transport of water and nutrients. In fern
sporophytes, water moves through the xylem using specialized cells referred to as tracheids,
which have lignified secondary cell walls. Lignin, a polymer of monolignol subunits,
covalently crosslinks with hemicellulose in the secondary cell wall, providing mechanical
stability and preventing water from moving out of the xylem. Lignin is also present in
fibers and sclerenchyma cells in all vascular plants, including ferns. In contrast to the
vascularized sporophyte, the tiny fern gametophyte consists of a single layer of
parenchyma cells and lacks vascular tissue, fibers and sclereids. Given that lignin occurs
only in specialized cells of the sporophyte, we expected at least some lignin biosynthetic
genes to be expressed only in the sporophyte. To test this, all genes of the lignin
biosynthetic pathway were identified from the P. vittata transcriptome and their
sporophyte- or gametophyte- specific expression examined. As shown in Figure 3.3, all
of the genes required for the biosynthesis of H and G lignin are present in the P. vittata
transcriptome, with many genes occurring as gene families similar to that observed in
Arabidopsis (Wang et al., 2015).

Absent from the P. vittata transcriptome was

FERULATE5 HYDROXYLASE (F5H), a gene that is essential for S lignin biosynthesis in
Arabidopsis (Chapple et al., 1992). This absence of a clear homolog of F5H (Fig 3.4 and
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Table 3.3) in P. vittata is not unexpected as many ferns synthesize p-hydroxyphenyl (H)
and guaiacyl (G) lignin but not syringyl (S) lignin (Weng and Chapple, 2010).

Among the lignin biosynthetic gene families in the P. vittata transcriptome, members of
most families are expressed in both gametophytes and sporophytes, with members of some
families (PAL, HCT, CCR, CAD, CSE and COMT) expressed only in sporophytes (Fig
3.3). Of the 43 annotated lignin genes, only one (a CAD) is gametophyte specific. One
gene that is particularly noteworthy is cinnamoyl-CoA reductase (CCR, Fig. 3.5 and Table
3.3) because it is present as a single copy in the transcriptome and is expressed only in the
sporophyte. CCR catalyzes the formation of cinnamaldehydes from their corresponding
cinnamoyl CoA esters, which is the first committed step in the synthesis of monolignols
(Lacombe et al., 1997). In Arabidopsis, plants with decreased levels of expression of CCR
have a significant reduction in lignin content (Jones et al., 2001). The sporophyte-specific
expression of CCR is a possible reason why lignin is not synthesized in P. vittata
gametophytes.
3.2.4

Essential stomata differentiation genes are not expressed in P. vittata
gametophytes

The fern gametophyte prothallus consists only of parenchyma cells and rhizoids, whereas
the sporophyte bears a variety of cell types that form different tissues and organs (fronds,
stems and roots). Among the cell types that are unique to the sporophyte are stomata,
which in ferns consists of two guard cells localized to the abaxial surface of the sporophyte
frond (Bondada et al., 2006). Genes that are responsible for the differentiation of guard
cells have been well characterized in Arabidopsis (reviewed in (Pillitteri and Torii, 2012)).
Three closely related basic helilx-loop-helix (bHLH) transcription factors in subgroup Ia,
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named SPEECHLESS (SPCH), MUTE, and FAMA, are responsible for the asymmetric
cell division, the acquisition of the guard mother cell (GMC) identity, and guard cell
differentiation, respectively. In the basal land plants Physcomitrella patens and Selaginella
moellendorffii, homologs of SPCH and MUTE are absent but several FAMA-like subgroup
Ia bHLH genes, named SMF (for S PCH, M UTE, and F AMA) are present and essential
for stomata differentiation in their sporophytes (MacAlister and Bergmann, 2011; Chater
et al., 2016). Another group of bHLH genes, named SCREAM (SCRM), encode proteins
that are the binding partners of SMF family gene proteins and are also essential for the
proper formation of stomata in Arabidopsis (Kanaoka et al., 2008) and P. patens (Chater
et al., 2016). In addition to promoting stomatal differentiation, a third group of MYB
family transcriptional factors, FOUR LIPS (FLP)/MYB88, negatively regulate GMC cell
division and delay the maturation of guard cells (Lai et al., 2005). Because all of these
genes are essential for proper stomata differentiation in Arabidopsis, we expected some or
all of these genes to be expressed only in the P. vittata sporophyte. To test this, we
identified all members of SMF, SCRM, and FLP/MYB88 gene families (listed in Table 3.4)
in the P. vittata transcriptome and examined their expression in gametophytes and
sporophytes. Similar to S. moellendorffii and P. patens, the P. vittata transcriptome
contains no SPCH and MUTE homologs and only three FAMA-like SMF genes (Fig 3.6),
indicating that these genes arose within the euphyllophytes and after the divergence of
ferns and seed plants. In P. vittata, all three members of the SMF family of genes are
expressed only in the sporophyte (Table 3.4), suggesting that stomata development in basal
land plant lineages may depend on the sporophyte expression of these genes in particular.
These results raise many interesting questions for future research: is the expression of the
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SMF genes limited to the developing guard cells of the sporophyte? If they are necessary
for stomata development, would mutating these genes affect only stomata development?
If the SMF genes are sufficient for stomata development, what additional functions or
feature are provided by SPCH and MUTE in seed plants?
3.2.5

Additional phosphate transporter genes are identified from the P. vittata
transcriptome

DiTusa et al. described a phosphate transporter from P. vittata (PvPht1;3) that has high
affinity to arsenate and facilitates the entry of arsenate into the cell. The same study
identified two additional phosphate transporter genes, PvPht1;1, PvPht1;2, that were
cloned using degenerate primers from P. vittata cDNAs. Here we searched the P. vittata
transcriptome for additional Pht family genes. As shown in Figure 3.7, we identified
DN325218_c1_g1 as the same gene as PvPht1;3. DN317475_c0_g5 fell into the same
clade as both PvPht1;1 and PvPht1;2. The sequence similarity of DN317475_c0_g5,
PvPht1;1, and PvPht1;2 indicates that these sequences may be different alleles of the same
locus. Moreover, we identified two additional Pht1 genes from the P. vittata transcriptome.
Three of the four Pht1 genes were expressed in both gametophytes and sporophytes;
however, DN318094_c3_g2, which is closely related to PvPht1;3, was expressed only in
the sporophyte root (Table 3.5), indicating that DN318094_c3_g2 might be the key gene
for arsenic transport in sporophyte roots. This result demonstrates that the P. vittata
transcriptome can serve as an important resource for identifing genes and gene families
that are potentially essential for arsenic tolerance and accumulation in P. vittata.
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3.3

Conclusion

In this study, RNA-seq was used to generate a high quality de novo Trinity assembly of the
P. vittata transcriptome that included both gametophyte and sporophyte tissues grown in
the presence or absence of arsenic. To test the utility of the transcriptome as a resource for
fern biologists, P. vittata genes that are only expressed in either the gametophyte or
sporophyte generations were identified. The expression of genes central to two biological
processes that are unique to the sporophyte, specifically lignin biosynthesis and stomatal
differentiation, were examined. In angiosperms, CCR is an essential enzyme in the
monolignol biosynthesis pathway. A single P. vittata homolog of CCR was identified in
the transcriptome and its expression was limited to the sporophyte. The lack of CCR
expression in gametophytes may limit their capacity to synthesize lignin. The observed
lack of expression of SMF family bHLH transcription factor genes in gametophytes is
consistent with the lack of stomata in gametophytes.

Finally, the identification of

additional phosphate transporter genes demonstrates that the P. vittata transcriptome can
serve as an important resource for identifying new genes that may be important not only
for arsenic tolerance and hyperaccumulation in this species, but also those genes that
distinguish the simple gametophyte from the complex sporophyte.

3.4
3.4.1

Methods
Plant growth conditions

P. vittata gametophytes were grown as previously described in Chapter 2. Six P. vittata
sporophytes were grown in a greenhouse for 30 days then transferred to liquid media and
grown hydroponically for 6 weeks. Three sporophytes were treated with arsenate by adding
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potassium arsenate to a final concentration at 10 mM for 24 hours. Fronds and roots were
harvested separately from all six sporophytes.
3.4.2

Library preparation and DNA sequencing

Library preparation and DNA sequencing for gametophytes were described in Chapter 2.
Total RNA from sporophyte tissues were isolated separately using an RNeasy Plant mini
kit (Qiagen). The Illumina TruSeqTM mRNA preparation kit was used to select polyadenylated mRNA and prepare libraries for sequencing.

Sporophyte libraries were

sequenced on a HiSeq2500 system.
3.4.3

De novo transcriptome assembly

Illumina reads containing erroneous k-mers were detected by rCorrector (downloaded
09/25/2017, (Song and Florea, 2015)) and removed. Adapters and low-quality bases were
trimmed using cutadapt (v1.13) (Martin, 2011). Quality trimmed reads were mapped to
the SILVA database (SILVA_128_NR99, downloaded on 09/26/2017) (Quast et al., 2012)
to remove rRNA contamination. FastQC (v0.11.5) was used to assess the quality of reads.
A de novo transcriptome was assembled from the cleaned reads using Trinity (v2.4.0,
(Grabherr et al., 2011)) using default settings. Chloroplast, mitochondrial and rRNA
transcripts were detected using BlastN against the Ceratopteris chloroplast genome, the
Arabidopsis mitochondrial genome and the SILVA database, and then removed from the
transcriptome. Each contig is defined as a transcript; a Trinity gene is defined as a
resembled cluster of contigs based on shared sequences (i.e. the Trinity identifier accession
“DN0000|c0_g0_i0” is a transcript, and “DN0000|c0_g0” is a gene).
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3.4.4

Transcriptome quality and completeness assessment

Reads content of the transcriptome assembly was used to assess the read representation of
the assembly by mapping all reads back to the transcriptome using bowtie2 (v2.3.2,
(Langmead and Salzberg, 2012)). ExN50 plots and full-length transcript analysis of
subsampled assemblies generated from randomly subsampled reads were used to determine
whether the number of reads were sufficient to generate a complete transcriptome. To
obtain the ExN50 values for assemblies, transcript abundances were estimated using
RSEM (v1.3.0, (Li and Dewey, 2011)) to generate count matrices of TPM expression
values. The ExN50 values of each assembly were computed based on the count matrix
using a Perl script in the Trinity toolkit. The full-length transcript analysis was conducted
by first identifying near full-length transcripts using a BLASTX search querying the
SwissProt database (downloaded as 10/03/17). High-scoring segment pairs from the same
transcript were grouped as a single hit. Transcripts with percent coverage greater than 80%
or 90% were considered as nearly full-length transcripts. The number of nearly full-length
transcripts were plotted as a function of percent reads that was used for the assemblies.
BUSCO (v2.0, (Simão et al., 2015)) analysis was performed to assess the completeness of
the transcriptome by scanning the transcriptome with 303 BUSCO queries from the
eukaryota dataset.
3.4.5

Transcriptome annotation

The assembled transcriptome was annotated using the Trinotate pipeline (Bryant et al.,
2017). Coding regions and peptide candidates from the transcriptome were predicted using
TransDecoder. The annotation of transcripts or predicted peptide sequences were based
on the results of BLASTx or BLASTp against the SwissProt or Araport11 databases,
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respectively. All the annotation data were saved in a SQLite database. An annotation report
containing Trinity identifiers annotated with SwissProt IDs and AGI IDs was exported into
an excel spreadsheet using a BLAST E-value cutoff at 10-8.
3.4.6

Identifying gametophyte and sporophyte specific genes from the Trintiy
transcriptome

Tissue specific gene expression was determined by first estimating the gene level
abundance of the transcriptome using RSEM with reads either from gametophytes or
sporophytes, respectively. Abundance count matrices generated from gametophytes and
sporophytes were normalized using the trimmed mean of M values (TMM) method
(Robinson and Oshlack, 2010). A TPM greater than or equal to 1 was used as a threshold
to define the presence of a gene in the transcriptome, thus generating two lists of genes
expressed in gametophytes and/or sporophytes.
3.4.7

Searching genes involved in lignin biosynthesis and stomata differentiation

P. vittata genes that are similar to genes in the lignin biosynthesis pathway and stomata
differentiation were identified by tBLASTn searches of the P. vittata transcriptome using
Arabidopsis amino acid sequences as queries. A reciprocal BLASTx using tBLASTn hits
searching the NR database were performed in annotating genes. In cases where it was
necessary to determine homology, phylogenetic trees were generated using MEGA 7
(Kumar et al., 2016b). Amino acid sequences of genes from multiple species across the
plant tree of life were aligned using MUSCLE (Edgar, 2004) with default parameters in
MEGA. Neighbor-joining trees with 1,000 bootstrap replications were built under a
Poisson distance model using a complete deletion for gaps.
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Table 3.1 Transcriptome assembly statistics
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Table 3.2 The effect of subsampling various percent of total reads on transcriptome
assembly statistics
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Table 3.3 Pteris vittata genes that encode key enzymes in the lignin biosynthesis pathway

The expression of a gene in a tissue is represented by a dot.

58
Table 3.4 Pteris vittata genes that encode members in stomata differentiation

The expression of a gene in a tissue is represented by a dot.
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Table 3.5 Pteris vittata PHOSPHATE TRANSPORTER 1 genes

The expression of a gene in a tissue is represented by a dot.

60

Figure 3.1 Quality assessment of the P. vittata transcriptome.
(A) P. vittata gametophytes growing on solid fern media. A magnified gametophyte shown
in the inset. (B) Vegetative sporophyte body with roots and fronds. (C) Reads
representation of the transcriptome. (D) The count of the most highly expressed transcripts
is plotted as a function of minimum expression value. TPM: transcripts per million. (E)
ExN50 plots for each subsampled assembly. N50 value is calculated from sets of the most
highly expressed transcripts. (F) The number of full-length transcripts is plotted as a
function of subsampled assembly.
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Figure 3.2 Venn diagrams showing the percentage of common and uniquely expressed
genes between gametophytes and sporophytes.
The number of genes expressed are obtained by thresholding TPM greater than 1 (A), or
genes with TPM greater than 1 as well as annotated by Araport11 database.
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Figure 3.3 The lignin biosynthetic pathway in the gametophyte and the sporophyte.
Modified from Wang et al., 2015. The number of P. vittata sporophyte-specific genes are
indicated in red boxes; the number of gametophyte-specific genes are indicated in green
boxes, and the number of gene expressed in both indicated in yellow boxes. PAL:
phenylalanine ammonia lyase; C4H: cinnamate 4-hydroxylase; 4CL: 4-coumarate CoA
ligase; HCT: hydroxycinnamoyl CoA:shikimate hydroxycinnamoyl transferase; C3′H: pcoumaroyl shikimate 3′-hydroxylase; CSE: caffeoyl shikimate esterase; CCoAOMT:
caffeoyl CoA O-methyltransferase; F5H: ferulate 5-hydroxylase; COMT: caffeic acid Omethyltransferase;
dehydrogenase.

CCR:

cinnamoyl

CoA

reductase;

CAD:

cinnamyl

alcohol
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Figure 3.4 Phylogenetic tree of F5H and related CYP450 proteins.
At: Arabidopsis thaliana; Nt: Nicotiana tabacum; Os: Oryza sativa; Pv: Pteris vittata; Sb:
Sorghum bicolor; Sm: Selaginella moellendorffii.
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Figure 3.5 Phylogenetic tree of CCR proteins.
At: Arabidopsis thaliana; Os: Oryza sativa; Pv: Pteris vittata; Pp: Physcomitrella patens;
Sm: Selaginella moellendorffii.
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Figure 3.6 Phylogenetic tree of SMF family proteins.
At: Arabidopsis thaliana; Atr: Amborella trichopoda; Nt: Nicotiana tabacum; Os: Oryza
sativa; Pa: Picea abies; Pv: Pteris vittata; Pp: Physcomitrella patens; Sb: Sorghum bicolor;
Sm: Selaginella moellendorffii.
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Figure 3.7 Phylogenetic tree of plant Phosphate Transporter 1 proteins.
At: Arabidopsis thaliana; Os: Oryza sativa; Pv: Pteris vittata;
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TRANSCRIPTIONAL PROFILING OF PTERIS
VITTATA SPOROPHYTES IN RESPONSE TO ARSENIC

4.1

Introduction

The fern Pteris vittata is unusual in its ability to tolerate and accumulate high levels of the
toxin arsenic (Ma et al., 2001). While the effect of arsenic exposure on gene expression
has been described for the P. vittata gametophytes (Chapter 2), little is known about the
effects of arsenic on global gene expression patterns in the more complex sporophyte plant.
Here we describe a de novo assembled transcriptome of P. vittata that includes genes
expressed in arsenate treated and non-arsenate treated gametophytes, sporophyte roots and
sporophyte shoots. From this transcriptome, the genes that are up- or down-regulated by
arsenate treatment are identified and discussed.

4.2
4.2.1

Results and Discussion
Summary of de novo transcriptome assembly and differential gene
expression analysis

A de novo transcriptome of P. vittata sporophytes (root and shoot tissue) was assembled
from ~900 million, 100-bp paired-end, strand-specific Illumina reads. The transcriptome
yielded 237,838 genes clustered from 471,170 transcripts with 84,366 genes having
transcripts ≥ 500 bp (Table 4.1). Differentially expressed genes (DEGs) in shoots treated
with arsenic, or in roots treated with arsenic were identified using DESeq2 and 3,292
(6.6%) genes were found to be differentially expressed.

The number of DEGs in

sporophytes treated with arsenic is ~170 times more than in gametophytes (19 DEGs)
grown under similar conditions. A greater number of arsenic-related DEGs in sporophytes
is likely due to the complexity of the sporophyte, which has a plant body having different
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cell, tissue and organ types, compared to the simple, small gametophyte. Whereas different
tissues and cells in P. vittata sporophytes have to respond to intracellular arsenic toxicity
and also coordinate the translocation of arsenic from the root to the shoot, gametophytes
simply sequester arsenic in the vacuoles of the parenchyma cells that make up most of the
gametophyte prothallus.

Only one gene, DN330817_c0_g1, which encodes an

ARSENICAL RESISTANCE 3 (ACR3) arsenite transporter, was identified as a DEG in
both P. vittata sporophytes and gametophytes. This suggests that while ACR3 may be
important for arsenic tolerance and accumulation in gametophytes and sporophytes of P.
vittata, the mechanism by which P. vittata sporophytes tolerate and accumulate arsenic
may be fundamentally different from that in gametophytes. As shown in Figure 4.1, within
the sporophyte, the number of arsenate up- and down-regulated genes varies between the
roots and shoots, with most (~66%) DEGs associated with roots. Only 41 DEGs were
common to both the shoot and root, suggesting that the response to arsenic in P. vittata
sporophytes is highly tissue specific.
4.2.2

Gene ontology enrichment analysis

~60% of the sporophyte DEGs could be annotated with the Arabidopsis database
(Araport11), although the number of DEGS that could be annotated varied between 40%
and 70% depending on the tissue type and treatment (Table 4.2). Gene ontology (GO)
enrichment analyses of genes that are upregulated or downregulated in shoots or roots using
terms associated with Biological Process, Molecular Function and Cellular Component are
shown in Figures 4.2 and 4.3. There are three major groups of enriched GO terms in genes
upregulated in P. vittata shoots treated with arsenic, including genes that are involved in
regulating gene expression, hormone responses, and stress responses (Fig 4.2). Two major
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groups, photosynthesis and metabolism, are associated with genes upregulated by arsenic
in roots (Fig 4.3). Genes downregulated by arsenic in shoots are involved in photosynthesis
and cell wall regulation (Fig 4.4). The number of genes downregulated in roots is the
greatest among all the categories, which provided the most complicated GO enrichment
network that yielded 5 groups clusters: transporter activity, regulation of gene expression,
regulation of development, stress response, and metabolism (Fig 4.5).
4.2.3

Differential expression of photosynthesis-related genes

Genes that are directly related to photosynthesis, including most genes in photosystem I
and photosystem II, are downregulated in P. vittata shoots and upregulated in roots. The
downregulation of photosynthesis-related genes in shoots is consistent with a previous
proteomic study (Bona et al., 2010) and the observation that photosynthetic activity is
inhibited in P. vittata treated with arsenic (Wang et al., 2012). The analysis of chlorophyll
fluorescence parameters (i.e. quantum efficiency) and the activities of photosynthetic
ATPase, RuBisCo and GAPDH demonstrated that photosynthesis was inhibited in arsenicgrown P. vittata sporophytes (Wang et al., 2012). Because phosphate (Pi) uptake is
enhanced in P. vittata sporophytes treated with AsV, AsV may trigger a Pi starvation
response (Singh and Ma, 2006). Thus, the reduced expression of photosynthetic genes may
be related to the Pi starvation response induced by AsV, which is similar to the Pi starvation
response in Arabidopsis (Wu et al., 2003).
The upregulation of photosynthetic genes in P. vittata roots in response to arsenic is
surprising, because roots are the underground organs of plants and usually are not
responsible for photosynthesis. Changes in the expression of photosynthetic genes in roots
from angiosperms is also unusual.

The Arabidopsis mutant, hypersensitive to Pi
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starvation7 (hps7), also showed an increase in the expression of photosynthetic genes in
roots in response to Pi deficiency (Kang et al., 2014). The upregulation of photosynthetic
genes in P. vittata roots in response to arsenic may be related to Pi deficiency when arsenate
is present given that arsenate inhibits Pi uptake in P. vittata roots (Wang et al., 2002).
4.2.4

Transporters that are upregulated in P. vittata roots and shoots

In P. vittata, arsenic is taken up by the roots, transported to the shoot and sequestered as
AsIII in vacuoles of cells in the fronds. Due to the toxic nature of arsenic, the fast
trafficking of arsenic in P. vittata from roots to shoots is likely essential for its arsenic
tolerance and accumulation. In the GO enrichment analysis of the DEGs, genes associated
with transport were upregulated in both roots and shoots of sporophytes treated with arsenic.
In P. vittata roots, 4 genes annotated as ATP-binding cassette (ABC) G transporters
(ABCG14, ABCG31, ABCG34, ABCG35) were upregulated. In Arabidopsis, AtABCG14
is essential for xylem loading and root-to-shoot translocation of cytokinin (Ko et al., 2014).
The induced expression of ABCG transporters in P. vittata roots treated with arsenic
suggests a possible mechanism for xylem loading of arsenic. Because angiosperms do not
have ACR3 genes in their genomes (Indriolo et al., 2010), ACR3 genes, which are upregulated in response to arsenic in gametophytes (Indriolo et al., 2010), were not annotated
using Araport. However, two ACR3 genes, DN330817_c0_g1 (previously characterized
as PvACR3;1) and DN328501_c0_g1, were upregulated in P. vittata roots treated with
arsenic. Heterologous expression of PvACR3;1 in Arabidopsis resulted in increased
accumulation of AsIII in shoots (Wang et al., 2017), suggesting that these two ACR3 genes
may function in xylem loading of AsIII in P. vittata roots.
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GO-enriched transporter genes upregulated in P. vittata shoots belong to multiple
categories. Three genes were annotated as Autoinhibited Ca2+ ATPase (ACA), which
encode active Ca2+ transporters. In Arabidopsis, ACA genes have been implicated in Ca2+
signaling, especially in response to abscisic acid (ABA) stimulation (Cerana et al., 2006).
Given that there are several shoot arsenic up-regulated genes associated with hormone
response GO terms (Fig 4.2), this suggests that hormones are also involved in arsenic
responses. Three genes upregulated in shoots are annotated as ABC transporters (ABCA3,
ABCG36, ABCG40). The Arabidopsis AtABCG36, also known as PENETRATION 3
(PEN3), is involved in resistance to powdery mildew infection and also implicated in heavy
metal resistance as a transporter for cadmium (Campe et al., 2016). AtABCG40 has been
implicated in lead resistance and ABA transport (Lee et al., 2005; Cao et al., 2009). These
ABC transporters may be involved in the trafficking of arsenic or, perhaps, phytohormones.
One gene upregulated in shoots is annotated as HEAVY METAL ATPASE 5 (HMA5), which
encodes an active transporter involved in copper detoxification in Arabidopsis roots
(Andres-Colas et al., 2006). The fact that many transporter gene upregulated in P. vittata
shoots were annotated as heavy metal resistance genes suggests that they may be involved
in arsenic transport in P. vittata shoots (see Table 4.3 for genes discussed in 4.2.4).

The results of this study clearly demonstrate that the P. vittata sporophyte response to
arsenate treatment is much more complex than the gametophyte response to arsenate in
terms of gene expression. Because of the complexity of this response in sporophyte organs
(root and shoot), future efforts should focus on more refined tissue dissection in RNA-Seq

72
experiments to determine if and how specific tissues within the same organ respond to
arsenic treatment.

4.3
4.3.1

Methods
Plants growth conditions and library sequencing

The sequencing of libraries prepared from 12 tissue samples (shoots and roots from 3 P.
vittata sporophytes treated with arsenate and 3 sporophytes treated without arsenate) were
described previously in Chapter 2 and Chapter 3.
4.3.2

De novo transcriptome assembly and annotation

Illumina read were prepared as described in Chapter 3. The quality-trimmed reads were
assembled with Trinity assembler (v2.4.0) using default settings with a strand-specific
method. Contigs matching sequences from the Ceratopteris richardii chloroplast genome,
Arabidopsis thaliana mitochondrial genome, and SILVA database (for rRNA) detected
using BLASTn were removed from the transcriptome as contaminants. Contigs with length
≥ 500 bp were used for subsequent analysis. A contig is defined as a transcript, and a cluster
of transcripts assembled using the same reads is defined as a gene (see Chapter 2 for details).
Coding regions and most likely peptide candidates from the transcriptome were predicted
using TransDecoder (v3.0.1). The transcriptome was annotated using the “Trinotate”
pipeline (Trinotate, v3.0.1). Homologs of transcripts or predicted peptide sequences of the
transcriptome were identified by BLASTx or BLASTp searching (BLAST+, v2.6.0)
SwissProt or Araport11 databases (downloaded as 10/03/17), respectively. Predicted
peptide sequences were also annotated for domain structure (HMMER, v3.1b2), signal
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peptides (SignalP, v4.1c), and transmembrane motifs (TMHMM, v2.0c). Only genes with
a BLAST E-value less than 1x10-8 are reported were considered properly annotated.
4.3.3

Abundance estimation and differential expression analysis

The gene level abundance estimation for each was calculated using a plug-in within the
Trinity toolkit (Trinity v2.4.0). Paired-end reads that was used for transcriptome assembly
were mapped to the transcriptome using bowtie2 (v2.3.2). RSEM (v1.3.0) was used to
estimate the abundance of genes. Differential expression analysis was carried out in R
(v3.4.0). DESeq2 (v1.16.1) was used to infer differential gene expression. The analysis
was performed only with genes that were expressed in considerably amount (genes with
FPKM greater than 0.5 in at least 2 samples across all 12 samples). All 12 samples were
pooled for dispersion estimation and the generalized linear modeling analysis. Differential
gene expression between samples treated with and without arsenic from each tissue type
were inferred using the “contrast” command in DESeq2 with “no arsenic” samples as
references. Genes with an absolute value of the log2(fold change) ≥ 1 as well as an adjusted
P-value < 0.05 were considered as differentially expressed genes (DEGs). Up-regulated
genes were defined as DEGs with a positive log2(fold change) value, and down-regulated
genes were defined as DEGs with a negative log2(fold change) value.
4.3.4

Gene ontology enrichment analysis

The AGI IDs of Arabidopsis homologs for the transcriptome and DEGs from P. vittata
shoots and roots were extracted from the transcriptome annotation for the Gene ontology
(GO) enrichment analysis performed using the ClueGO app (v2.5.0) (Bindea et al., 2009)
in Cytoscape (v3.5.1) as background and gene lists, respectively. The enrichment analysis
was performed with the default setting using a two-tail hypergeometric testing with the
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Benjamini-Hochberg correction for multi-comparison and a type I error < 0.05. The
minimum number of genes in each cluster was based on the size of the DEG list: there are
a minimum of 10 genes in each cluster for up-regulated in shoots only DEGs; 5 for downregulated in shoots only DEGs; 7 for up-regulated in roots only DEGs; and 20 for downregulated in roots only DEGs. Clusters of GO terms were colored by groups.
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Table 4.1 Assembly statistics of the P. vittata sporophyte transcriptome
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Table 4.2 The number of tissue specific DEGs
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Table 4.3 Pteris vittata sporophyte transporter genes that are upregulated by arsenic
treatment and discussed in 4.2.4
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Figure 4.1 A venn diagram showing the number of differentially expressed genes in
response to arsenic treatment.
Upregulated in the shoot (yellow), upregulated in the root (red), downregulated in the shoot
(blue), and downregulated in the root (green). The overlap of DEGs are shown.
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Figure 4.2 The distribution of enriched GO categories associated with genes that are
upregulated in P. vittata shoots by arsenic treatment.
Genes with putative functions were assigned to Molecular Function, Biological Process,
and Cellular Component categories using GO annotations from the Araport database. The
number adjacent to each bar is the number of genes annotated with the associated GO
term.
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Figure 4.3 The distribution of enriched GO categories associated with genes that are
upregulated in P. vittata roots by arsenic treatment.
Genes with putative functions were assigned to Molecular Function, Biological Process,
and Cellular Component categories using GO annotations from the Araport database. The
number adjacent to each bar is the number of genes annotated with the associated GO term.
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Figure 4.4 The distribution of enriched GO categories associated with genes that are
downregulated in P. vittata shoots by arsenic treatment.
Genes with putative functions were assigned to Molecular Function, Biological Process,
and Cellular Component categories using GO annotations from the Araport database. The
number adjacent to each bar is the number of genes annotated with the associated GO term.
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Figure 4.5 The distribution of enriched GO categories associated with genes that are
downregulated in P. vittata roots by arsenic treatment.
Genes with putative functions were assigned to Molecular Function, Biological Process,
and Cellular Component categories using GO annotations from the Araport database. The
number adjacent to each bar is the number of genes annotated with the associated GO term.
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Figure 4.5 continued

84
Figure 4.5 continued
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